Aims/hypothesis Preterm birth (gestational age <37 weeks) has been associated with insulin resistance early in life. However, no large population-based studies have examined risks of type 1 and type 2 diabetes and potential sex-specific differences from childhood into adulthood. Clinicians will increasingly encounter adults who were born prematurely and will need to understand their long-term risks. We hypothesised that preterm birth is associated with increased risks of type 1 and type 2 diabetes into adulthood. Methods A national cohort study was conducted of all 4,193,069 singletons born in Sweden during 1973-2014, who were followed up for type 1 and type 2 diabetes identified from nationwide diagnoses and pharmacy data to the end of 2015 (maximum age 43 years; median age at the end of follow-up 22.5 years). Cox regression was used to adjust for potential confounders, and cosibling analyses assessed the influence of shared familial (genetic and/or environmental) factors. Results In 92.3 million person-years of follow-up, 27,512 (0.7%) and 5525 (0.1%) people were identified with type 1 and type 2 diabetes, respectively. Gestational age at birth was inversely associated with both type 1 and type 2 diabetes risk. Adjusted HRs for type 1 and type 2 diabetes at age <18 years associated with preterm birth were 1.21 (95% CI, 1.14, 1.28) and 1.26 (95% CI, 1.01, 1.58), respectively, and at age 18-43 years were 1.24 (95% CI, 1.13, 1.37) and 1.49 (95% CI, 1.31, 1.68), respectively, compared with full-term birth. The associations between preterm birth and type 2 (but not type 1) diabetes were stronger among females (e.g. at age 18-43 years, females: adjusted HR, 1.75; 95% CI, 1.47, 2.09; males: 1.28; 95% CI, 1.08, 1.53; p < 0.01 for additive and multiplicative interaction). These associations were only partially explained by shared genetic or environmental factors in families. Conclusions/interpretation In this large national cohort, preterm birth was associated with increased risk of type 1 and type 2 diabetes from childhood into early to mid-adulthood. Preterm-born children and adults may need early preventive evaluation and long-term monitoring for diabetes.
Introduction
Diabetes is increasing in prevalence and now affects nearly 1 in 10 adults in the US [1] and worldwide [2] . In addition to family history and unhealthy lifestyle factors, early life exposures have been identified as potential risk factors for the development of diabetes later in life. According to Barker's developmental origins theory, intrauterine nutritional abnormalities may permanently alter the body's structure and metabolism, resulting in early life programming for future development of diabetes and other cardiometabolic disorders [3] . Recent evidence has suggested that developmental programming on the background of preterm birth may be particularly important for future outcomes [4] [5] [6] . Approximately 11% of all births worldwide [7] and 10% in the US [8, 9] occur preterm (gestational age < 37 weeks), and >95% of preterm infants in developed countries now survive into adulthood [6] . As a result, large numbers of preterm survivors (e.g. >400,000/year in the US) are now reaching adulthood (age ≥18) each year. Clinicians will increasingly encounter adult patients who were born preterm and will need to understand their long-term diabetes risks to guide preventive actions and anticipatory screening across the life course.
The largest prior studies of preterm birth and diabetes have focused on childhood (age <15 years) and reported increased risks of type 1 diabetes in preterm-born children [10] [11] [12] [13] [14] [15] . A few smaller studies have also reported associations with type 2 diabetes in mid-adulthood [16] [17] [18] [19] . However, to our knowledge, no large cohort studies have examined the risks of type 1 and type 2 diabetes and potential sex-specific differences from childhood into adulthood. Furthermore, it remains unclear whether such associations might be related to shared familial (genetic and/or environmental) factors that predispose to both preterm birth and diabetes, as opposed to direct effects of preterm birth.
To address these knowledge gaps, we conducted a national cohort study of over 4 million people in Sweden. The goals of this study were to examine associations between gestational age at birth and risk of type 1 or type 2 diabetes up to age 43 years, the maximum follow-up currently possible in this large cohort, to assess whether these associations differ according to sex or fetal growth, and to explore for potential confounding by shared familial (genetic and/or environmental) factors using co-sibling analyses. The results will help inform long-term monitoring, preventive actions and timely detection and treatment of diabetes in the growing population who were born prematurely.
Methods
Study population The Swedish Birth Registry contains prenatal and birth information for nearly all births nationwide since 1973. Using this registry, we identified all 4,201,706 singleton live births in Sweden during 1973-2014. We excluded 8637 (0.2%) people who had missing information for gestational age, leaving 4,193,069 individuals (99.8% of the original cohort) for inclusion in the study. This study was approved by the ethics committee of Lund University in Sweden (No. 2010/476). Participant consent was not required as this study used only de-identified registry-based secondary data.
Gestational age at birth ascertainment Gestational age at birth was identified from the Swedish Birth Registry based on maternal report of last menstrual period in the 1970s and ultrasonography estimation starting in the 1980s and onward. This was analysed alternatively as a continuous variable or categorical variable with six groups: extremely preterm (22-28 weeks), very preterm (29-33 weeks), late preterm (34-36 weeks), early term (37-38 weeks), fullterm (39-41 weeks, used as the reference group), and post-term (≥42 weeks). Early term birth (37-38 weeks) was examined as a separate category because it has previously been associated with increased risk of diabetesrelated mortality relative to later term birth [6, 20] . In addition, the first three groups were combined to provide summary estimates for preterm birth.
Diabetes ascertainment The study cohort was followed up for the earliest diagnosis of type 1 or type 2 diabetes from birth through the end of follow-up in 2015 (maximum age 43 years; median age at end of follow-up 22.5 years). Type 1 diabetes was defined based on either of the following: (1) any ICD code specific for type 1 diabetes (ICD-9: 250.X1, 250.X3; ICD-10: E10) (for ICD-9 see www.icd9data.com/2007/ Volume1; for ICD-10 see http://apps.who.int/classifications/ icd10/browse/2016/en); or (2) any other ICD code for diabetes (ICD-8/9: 250; ICD-10: E11-E14) combined with insulin prescription (as described below) before age 30 years, consistent with prior epidemiological criteria [21] . Type 2 diabetes was defined based on ICD codes for diabetes (ICD-8/9: 250; ICD-10: E11-E14) that did not meet the additional criteria above for type 1.
All ICD codes were identified from primary or secondary diagnoses in the Swedish Hospital and Outpatient Registries. The Swedish Hospital Registry was started in 1964 and initially included all hospital discharge diagnoses from the Uppsala region of southern Sweden covering 16% of the national population, but was expanded to cover nearly 80% by 1973 (i.e. the beginning of the Swedish Birth Registry and the present study's follow-up period) and >99% by 1987 [22, 23] . Diagnoses in this registry have been reported to have a positive predictive value of~99% for diabetes [23, 24] , although to our knowledge their ability to distinguish type 1 and type 2 has not been specifically evaluated. The Swedish Outpatient Registry contains all outpatient diagnoses from specialty clinics nationwide starting in 2001. The Swedish Pharmacy Registry includes all medication prescriptions nationwide since 1 July 2005, classified according to the Anatomic Therapeutic Chemical (ATC) System. Insulin prescriptions were identified based on any medication prescription with ATC code A10A.
Other study variables Other perinatal and maternal characteristics that may be associated with gestational age at birth and diabetes were identified using the Swedish Birth Registry and national census data, which were linked using an anonymous personal identification number [25] [26] [27] . The following were included as adjustment variables: birth year (continuous and categorical by decade), sex, birth order (1, 2, ≥3), maternal age at delivery (continuous), maternal education level (≤9, 10-12, >12 years), maternal birth country or region (Sweden, other Europe/US/Canada, Asia/Oceania, Africa, Latin America, other/unknown), maternal BMI (continuous), maternal smoking (0, 1-9, ≥10 cigarettes/day), diabetes during pregnancy (i.e. pregestational type 1 or type 2 or gestational diabetes as identified in the birth, hospital or outpatient registries; ICD-8: 250; ICD-9: 250, 648.0, 648.8; ICD-10: E10-E14, O24), preeclampsia (ICD-8: 637; ICD-9: 624.4-624.7; ICD-10: O14-O15), and other hypertensive disorders during pregnancy (ICD-8: 400-404; ICD-9: 401-405, 642.0-642.3, 642.9; ICD-10: I10-I15, O10-O11, O13, O15-O16).
Maternal BMI and smoking were assessed at the beginning of prenatal care starting in 1982, and were available for 61.1% and 74.2% of participants, respectively. Data were >99% complete for all other variables. Missing data for each covariate were imputed using a standard multiple imputation procedure based on the variable's relationship with all other covariates and the outcome [28] .
Statistical analysis Cox proportional hazards regression was used to compute HRs and 95% CIs for associations between gestational age at birth and incident type 1 or type 2 diabetes. These associations were examined from birth to age 43 years and in narrower age intervals (<18 or 18-43 years) among individuals living in Sweden without a prior diagnosis of the outcome at the beginning of the respective interval. The data were analysed as time-to-event with attained age as the Cox model time axis. To account for competing events that would preclude a diabetes diagnosis, individuals were censored at death as identified in the Swedish Death Registry (n = 41,485; 1.0%) or emigration as determined by absence of a Swedish residential address in census data (n = 258,834; 6.2%). Analyses were conducted both unadjusted and adjusted for covariates (as above). The proportional hazards assumption was assessed by examining log-log plots [29] , and was met in each model.
Co-sibling analyses were performed to assess for potential confounding effects of unmeasured shared familial (genetic and/or environmental) factors among all individuals with at least one full sibling (N = 3,481,247; 83.0% of the cohort). This approach can help further elucidate whether associations observed in the primary analyses are due to direct effects of preterm birth as opposed to shared genetic or environmental factors that predispose to both preterm birth and diabetes. Relevant environmental factors within families may potentially include lifestyle exposures such as poor diet or physical inactivity. These analyses used stratified Cox regression with a separate stratum for each family as identified by the mother's and father's anonymous identification numbers.
In the stratified Cox model, each set of siblings had its own baseline hazard function that reflects the family's shared genetic and environmental factors, and thus associations between gestational age at birth and type 1 or type 2 diabetes were examined within families, controlling for their shared factors. In addition, these analyses were further adjusted for the same covariates as in the main analyses. For type 2 diabetes, co-sibling analyses were also performed after stratifying by sex.
Potential interactions between preterm birth and sex or fetal growth were examined in relation to type 1 or type 2 diabetes risk on the additive and multiplicative scale. Additive interactions were assessed using the 'relative excess risk due to interaction' (RERI), which is computed for binary variables as: RERI HR = HR 11 − HR 10 − HR 01 + 1. Multiplicative interactions were assessed using the ratio of HRs: HR 11 /(HR 10 × HR 01 ). A positive additive interaction is indicated if the RERI is >0, and a positive multiplicative interaction if the ratio of HRs is >1 [30, 31] .
The following secondary analyses were also performed: (1) Associations were examined between fetal growth (small for gestational age [SGA; <10th percentile], appropriate for gestational age [AGA; 10th-90th percentile], large for gestational age [LGA; >90th percentile]) and type 1 or type 2 diabetes. (2) Type 1 and type 2 diabetes risks were explored after stratifying by spontaneous (71.4%) vs medically indicated (28.6%) preterm birth, which was systematically recorded starting in 1990 (N = 2,535,775 [60.5% of the cohort]; maximum age 26 years at end of follow-up). (3) As an alternative to multiple imputation, a sensitivity analysis was performed after restricting to participants without missing data (N = 2,561,146 [61.1% of the cohort]). All statistical tests were 2sided and used an α-level of 0.05. All analyses were conducted using Stata version 15.1 (StataCorp, College Station, TX, USA). Table 1 shows perinatal and maternal characteristics by gestational age at birth. Preterm infants were more likely than fullterm infants to be male or firstborn; and their mothers were more likely to be at the extremes of age, have low education level, smoke, or have diabetes, preeclampsia or other hypertensive disorders during their pregnancy.
Results
Associations between gestational age at birth and diabetes In 92.3 million person-years of follow-up, 27,512 (0.7%) and 5525 (0.1%) individuals were identified with type 1 and type 2 diabetes, respectively. The median age at the end of followup was 22.5 years, and median ages at diagnosis were 14.9 years for type 1 and 29.2 years for type 2 diabetes. The type 1 incidence rate (per 100,000 person-years) was 29.80 in the overall cohort, 36.78 among those born preterm, and 28.80 among those born full-term. The corresponding incidence rates for type 2 diabetes were 5.98, 8.48 and 5.56, respectively.
Gestational age at birth was inversely associated with both type 1 and type 2 diabetes risk at age <18 years (adjusted HR per additional week of gestation, type 1: 0.96; 95% CI 0.95, 0.97; type 2: 0.95; 0.93, 0.98; Table 2 ). Adjusted HRs for type 1 and type 2 diabetes associated with preterm birth were 1.21 (95% CI, 1.14, 1.28) and 1.26 (1.01, 1.58), respectively. In contrast, children born extremely preterm had a lower risk of type 1 diabetes at age <18 years (adjusted HR, 0.51; 95% CI 0.32, 0.81) but a near-significantly higher risk of type 2 diabetes (2.21; 95% CI, 0.99, 4.95), compared with those born fullterm ( Table 2) .
Gestational age at birth also was inversely associated with new-onset type 1 and type 2 diabetes at age 18-43 years (adjusted HR per additional week of gestation, type 1: 0.96; 95% CI 0.95, 0.98; type 2: 0.97; 0.95, 0.98). The corresponding HRs comparing preterm vs full-term birth were 1.24 (95% CI 1.13, 1.37) and 1.49 (1.31, 1.68), respectively. Extremely preterm birth was associated with >2-fold risks of both type 1 (adjusted HR, 2.22; 95% CI 1.41, 3.48) and type 2 (2.55; 1.41, 4.62) diabetes. Preterm birth was more strongly associated with type 2 than type 1 diabetes in adulthood (p heterogeneity < 0.001). Across all models, most adjusted HRs were <10% lower than unadjusted HRs (electronic supplementary material [ESM] Table 1 ). Kaplan-Meier curves for type 1 and type 2 diabetes by gestational age group are shown in Figs. 1 and 2.
Sex-specific analyses Significant interactions were found between preterm birth and sex in relation to type 2 but not type 1 diabetes (ESM Tables 2 and 3 ). Among individuals born full-term, type 2 diabetes incidence across all attained ages was slightly higher among males (5.84 per 100,000 person-years) than females (5.27) . However, the opposite pattern was observed in those born preterm, with higher incidence among females (9.66) than males (7.52) (ESM Table 3 ). Preterm birth and female sex had a positive interaction on both the additive (p = 0.002) and multiplicative (p = 0.006) scale (i.e. their combined effect on type 2 diabetes risk was greater than the sum or product of their separate effects; ESM Table 3 ). The positive additive interaction indicates that preterm birth accounted for significantly more type 2 diabetes cases among females than males. In contrast, no interactions were found between preterm birth and sex in relation to type 1 diabetes on either the additive (p = 0.22) or multiplicative (p = 0.09) scale (ESM Table 2 ).
In sex-stratified analyses, preterm birth was associated with significantly increased risks of both type 1 and type 2 diabetes among females and males at all ages, except type 2 diabetes among males at ages <18 years ( Co-sibling analyses Co-sibling analyses to control for unmeasured shared familial factors resulted in partial attenuation of most risk estimates (ESM Table 4 ). At age <18 years, the Table 5 for complete results). The risk of type 2 diabetes was highest among individuals born both preterm and SGA (adjusted HR, 2.24; 95% CI 1.70, 2.96; relative to those born full-term and AGA). However, there was no evidence of interaction between preterm birth and SGA in relation to type 1 or type 2 diabetes risk on either the additive or multiplicative scale (type 1: p = 0.13 and p = 0.13; type 2: p = 0.81 and p = 0.52, respectively; ESM Tables 6 and 7 ). In a sensitivity analysis that was restricted to AGA births, all results were negligibly changed (e.g. preterm vs full-term, ages <18 years, type 1: adjusted HR, 1.20; 95% CI 1.12, 1.28; type 2: 1.24; 0.96, 1.60; ages 18-43 years, type 1: 1.24; 1.11, 1.39; type 2: 1.49; 1.29, 1.72).
Compared with full-term birth, both spontaneous and medically indicated preterm birth were associated with increased risks of type 1 diabetes (adjusted HR, 1.22; 95% CI 1.11, 1.34; and 1.22; 1.09, 1.37, respectively; p = 0.97 for difference in HRs) and type 2 diabetes (1.41; 1.05, 1.90; and 1.45; 1.02, 2.04, respectively; p = 0.92 for difference in HRs).
Restricting to participants without missing data resulted in modest changes in most risk estimates (e.g. preterm vs fullterm, age <18 years, type 1 diabetes: adjusted HR, 1.22; 95% CI 1.13, 1.32; type 2 diabetes: 1.42; 1.08, 1.87; age 18-43 years, type 1: 1.07; 0.87, 1.31; type 2: 1.96; 1.48, 2.61).
Discussion
In this large national cohort study, preterm birth was associated with increased risks of type 1 and type 2 diabetes from childhood into early to mid-adulthood. Preterm birth was associated with approximately 1.2-and 1.3-fold risk of type 1 and type 2 diabetes, respectively, at age <18 years, and 1.2and 1.5-fold risk, respectively, at age 18-43 years. The associations between preterm birth and type 2 (but not type 1) diabetes were significantly stronger among females. Early term birth (37-38 weeks) was also associated with modestly increased risk of type 1 and type 2 diabetes from childhood into adulthood. Co-sibling analyses suggested that these findings were only partially explained by shared genetic or environmental factors in families.
Several prior studies have linked preterm birth with type 1 diabetes in childhood. A Swedish cohort study of 3.6 million children aged <15 years, who overlapped with the present cohort, reported 10-20% increased risk of type 1 diabetes among those born at 33-36 or 37-38 weeks [11] . However, consistent with our findings, infants born at <33 weeks had lower risk of type 1 diabetes during childhood compared with those born at term. To our knowledge, this finding remains unexplained and has not been assessed in other studies, and thus will need confirmation in other large independent cohorts. A UK cohort study of 3.8 million children aged <12 years reported 15-30% increased risk of type 1 diabetes among those born preterm or early term compared with fullterm, but did not specifically examine earlier gestational ages [10] . An Australian cohort study of 558,633 children aged <15 years reported 1.4-and 1.2-fold risk among those born preterm or early term, respectively [13] . A matched cohort study in Taiwan with 37,119 preterm and 162,020 term children (mean age 8-9 years) reported 1.8-and 2.5-fold risks of type 1 and type 2 diabetes, respectively [14] . A Swedish cohort study of 630,090 adults aged 25-37 years found that those born preterm had modestly (10-25%) increased odds of medication prescription for diabetes, which was predominantly type 1 [32] . Several smaller studies have also reported associations between preterm birth and type 2 diabetes in mid-adulthood. For example, a Finnish cohort study of 12,813 adults aged >40 years reported a 1.6-fold (95% CI 1.00, 2.52) risk for those born at gestational age <35 vs 37-41 weeks [16] . A Swedish cohort study of 6425 adults aged 37-62 years reported that those born at <33 weeks had a 1.6-fold (95% CI 1.33, 2.11) risk of type 2 diabetes based on inpatient diagnoses [17] . A Scottish cohort study of 5973 adults aged 46-50 years found that preterm birth was associated with a 2-fold (95% CI 1.18, 3.53) risk of self-reported type 2 diabetes [18] . In the largest meta-analysis to date with~2.2 million participants from 23 studies, the pooled ORs for association between preterm birth and type 1 or type 2 diabetes were 1.18 (95% CI 1.11, 1.25; based on 18 studies) and 1.51 (1.32, 1.72; 5 studies), respectively [33] .
To our knowledge, no prior studies have examined gestational age at birth in relation to both type 1 and type 2 diabetes and potential sex-specific differences from childhood into adulthood. The present study addressed these gaps using nationwide diagnoses in the largest cohort to date, while controlling for multiple potential confounders. In this cohort and in other general populations, type 2 diabetes has a higher overall prevalence among men [1, 2] . However, we found that preterm birth was more strongly associated with type 2 diabetes and accounted for significantly more cases among women. To our knowledge, this sex-specific difference has not been previously reported and thus warrants confirmation in other well-powered studies. We found that most of the observed associations were partially explained by shared genetic or environmental factors in families. However, the association between preterm birth and type 2 diabetes in adulthood specifically appeared independent of shared familial factors.
These findings may have multiple underlying mechanisms that involve pancreatic beta cell function and insulin resistance. Preterm birth interrupts the development of pancreatic beta cells, which are formed predominantly in the third trimester of pregnancy, and might permanently reduce their number or function [34] . The limited available evidence for beta cell mass and function after preterm birth is conflicting. For example, experimental evidence has shown that induced preterm birth in sheep resulted in a 65% reduction of beta cell mass and reduced insulin secretory capacity that persisted into adulthood [35] . However, limited evidence from human studies has suggested that prematurity may be associated with appropriate insulin secretion consistent with normal beta cell function in early or mid-adulthood [36, 37] . Preterm birth also alters immune function including T cell response [38] , which may potentially mediate its association with type 1 diabetes, consistent with its autoimmune aetiology [39] . Other contributing factors may include exposure to antenatal corticosteroids and rapid catch-up growth in infancy, leading to visceral adiposity and insulin resistance [40] [41] [42] . Iatrogenic factors from intensive care, including suboptimal nutrition and adverse effects of medications or procedures, may further impair glucose metabolism [4] . Several studies have reported reduced insulin sensitivity in preterm-born children or adults compared with term-born controls [42] [43] [44] . These associations are further modified by lifestyle factors across the life course, including diet, exercise and obesity [45] , which are important targets for intervention. Because of major advances in neonatal and paediatric care, most preterm infants now survive into adulthood [6] . As a result, clinicians will increasingly encounter adult patients who were born prematurely. Preterm birth should now be recognised as a chronic condition that predisposes to the development of diabetes across the life course. Physicians currently seldom seek birth histories from adult patients, and thus preterm birth may remain a 'hidden' risk factor. Medical records and history-taking in patients of all ages should routinely include birth history, including gestational age, birthweight and perinatal complications [4, [46] [47] [48] . Such information can help identify those born prematurely and facilitate anticipatory screening and early preventive actions, including patient counselling to promote lifestyle prevention of diabetes.
A key strength of the present study was the ability to examine gestational age at birth in relation to both type 1 and type 2 diabetes in a large national cohort with follow-up into adulthood, using birth, medical and pharmacy registry data that are highly complete. This study design minimises potential selection or ascertainment biases and enables more robust risk estimates based on a national population. The large sample size enabled well-powered assessment of narrowly defined gestational age groups and sex-specific differences. The results were controlled for other perinatal and maternal factors, as well as unmeasured familial factors using co-sibling analyses.
This study also had several limitations. First, laboratory data to verify diagnoses were unavailable. High positive predictive values have been reported for most chronic disorders in the Swedish registries, including diabetes (>99%) [23, 24] . However, to our knowledge, the validity of registry diagnoses for distinguishing type 1 and type 2 diabetes has not been evaluated. Our observed incidences were slightly lower than those previously reported based on serologic testing of autoantibodies and C-peptide to distinguish type 1 from type 2 diabetes in 1630 Swedish individuals of similar ages (e.g. type 1: 37.8 per 100,000 person-years at age 0-19 years vs 33.3 at age 0-18 years in the present study; type 2: 3.1 per 100,000 person-years at age 0-19 years vs 2.4 at age 0-18 years in the present study) [49] . It is possible that people born prematurely are more likely to be diagnosed with diabetes because of greater contact with the healthcare system (i.e. detection bias). However, this is most likely to affect relatively asymptomatic conditions early in life. Detection bias is less likely for type 1 diabetes because it is highly symptomatic, or in adulthood when most type 2 diabetes is diagnosed. Second, despite up to 43 years of follow-up, this was still a relatively young cohort. Additional follow-up will be needed to examine diabetes risks in older adulthood when such data become available in this or other large cohorts. Finally, this study was limited to Sweden and will need replication in other countries and diverse populations.
In summary, we found that preterm and early term birth were associated with increased risk of type 1 and type 2 diabetes from childhood into early to mid-adulthood in a large population-based cohort. Children and adults who were born prematurely may need early preventive evaluation and longterm follow-up for timely detection and treatment of diabetes.
